Endovascular abdominal aortic aneurysms repair (EVAR) involves the minimally invasive implantation of a stent-graft within the aorta to exclude the aneurysm from the circulation thus preventing its rupture. The feasibility of such operation is highly dependent on the aorta morphology and in general the presence of one/both renal arteries emerging from the aneurysm is the absolute limit for the implantation of a standard stent-graft. Consequently, classical intervention methods involve the implantation of a custom-made graft with fenestrations, leading to extremely complicated surgeries with high risks for the patient and high costs. Recent techniques introduced the use of standard grafts (i.e. without fenestrations) in association with mechanical in-situ fenestration, but this procedure is limited principally by the brittleness and low stability of the environment, in addition to the difficulty of controlling the guidance of the endovascular tools due to the temporarily block of the blood flow. In this work we propose an innovative EVAR strategy, which involves in-situ fenestration with a fiber guided laser tool, controlled via an electromagnetic navigation system. The fiber is sensorized to be tracked by means of the driving system and, using a 3D model of the patient anatomy, the surgeon can drive the fiber to the aneurysm, where the stent has been previously released, to realize the proper fenestration(s). The design and construction of the catheter laser tool will be presented, togheter with preliminary fenestration tests on graft-materials, including the effects due to the presence of blood and tissues.
INTRODUCTION
Endovascular abdominal aortic aneurysms repair (EVAR) involves the minimally invasive implantation of a stent-graft within the aorta to exclude the aneurysm from the circulation, thus preventing its rupture.
The feasibility of such operation is highly dependent on the aorta morphology [1] , [2] and in general the presence of one or both the renal arteries emerging from the aneurysm is the absolute limit for the implantation of a standard stent-graft [3] . Consequently, classical intervention methods involve the implantation of a custom-made graft with fenestrations, leading to extremely complicated surgeries with high risks for the patient and high costs.
More recent techniques introduced the use of standard grafts (i.e. without fenestrations) with mechanical in-situ fenestration, but this procedure is mainly limited by the brittleness and low stability of the environment and by the difficult guidance of the endovascular tools related to the temporarily block of blood flow [9] , [10] .
In this work we propose an innovative EVAR strategy which involves in-situ fenestration with a fiber guided laser tool, controlled via an electromagnetic navigation system. The optical fiber is sensorized so as it is tracked via the driving system: the surgeon can drive it to the aneurysm site where the stent has been released, to realize the proper fenestration.
The use of a laser has been already identified as a promising procedure to obtain the fenestration [5] , [6] , but no dedicated solutions exist to fenestrate the graft material without damaging the arterial wall.
In this paper we propose the realization of the sensorized laser tool to be used with the 3D electromagnetic navigator. Finally the preliminary results of the fenestration tests on graft-materials, including the effects of blood and tissues are presented.
MATERIALS AND METHODS
The proposed strategy is based on the integration of a fiber-guided laser system into an electromagnetic (EM) navigation platform, which includes sensorized catheters and guidewires simultaneously tracked with the NDI Aurora (Northern Digital, Waterloo, Canada) [4] , [8] . This system provides the surgeon with a selective fenestration tool whose position and orientation can be accurately tracked and showed in real time within a 3D virtual model of the patient vasculature. Such model is reconstructed from volumetric radiological images acquired just before the endograft deployment [4] , allowing the surgeon to visualize the collateral arteries during the entire surgical procedure, even after endograft deployment.
In order to deal with guidance issues and to facilitate an atraumatic progression of the fiber through the patient vasculature the laser fiber has been integrated, together with an EM sensor coil, into a guidewire. The guidewire is made of a metal microtube with a diameter of 0.035 inches, a standard diameter for endovascular guidewires used in the clinical practice.
The first prototype of a sensorized guidewire laser fiber was developed by using: The EM sensor coil at the microtube tip offers the user the possibility to track in real time the position of the laser fiber emitting end. To this aim methods described in [4] can be employed to calibrate the guidewire sensor and to manually refine the calibration.
The fiber has a double-clad fiber construction (TECS hard coating over fluoride-doped silica cladding) for improved bending performances: the short-term bend radius, i.e. the minimum radius allowed during use and handling, is 12 mm. This parameter is very important for this particular application. Considering that for creating a clean circular fenestration the laser fiber has to be ideally oriented at a 90° angle to the endograft, and that the sensor coil must not be bent during the procedure, the fiber short-term bend radius should satisfy the following relation:
where R is the fiber short-term bend radius, D is the endograft main body diameter and L is the EM coil length. Figure 2 illustrates the bend radius requirement. Figure 2 . Schematic representation of a sensorized catheter inside an endograft to evaluate the relationship among the fiber short-term bend radius, the endograft main body diameter and the EM coil length.
EFFECTIVENESS TESTS EXPERIMENTAL SETUP
Preliminary in vitro test were performed in order to verify the ability of the laser tool to fenestrate the graft fabric in presence of blood. The experiment consisted in testing different laser irradiation conditions by controlling laser power, irradiation time, distance between fiber tip and polyester fabric wall.
A sample of stent-graft polyester fabric was fixed to an ad-hoc build support grid and placed into a plastic container intended to be filled with blood, as illustrated in Figure 3 . The polyester fabric was standard woven Dacron from COOK (Bjaereskov, Denmark); blood was obtained from a hematologically healthy adult donor by venipuncture. Figure 3 . Experimental setup used for irradiation tests. On the left, the support grid with the Dacron fabric applied before the tests; on the right, the fabric after the tests.
The polyester fabric was plunged into the blood at a depth of 5 mm.
A 0.22 Numerical Aperture (NA), high power multimode fiber from Thorlabs, Inc. (Newton, New Jersey, USA) 260±6 µm in diameter, was connected to a diode laser system (SMARTY A800, DEKA, Calenzano, Italy) emitting at 810 nm wavelength with a maximum power of 10W. The wavelength has been chosen to operat within the so called "nearinfrared optical window" of biological tissues , in order to obtain at the same time a selective fenestration of the graft fabric and minimizing the risk of damaging the arterial tissue.
The fiber tip was placed on a 3 axes micropositioner allowing the user to precisely regulate the distance between the fiber tip and the graft. Figure 4 illustrates the experimental setup. The tested irradiation conditions and distances are listed in Table 1 .
After irradiation was performed, the fabric sample was washed with physiologic solution and observed under an optical microscope to verify whether or not the laser had fenestrated the tissue and thus to identify the best irradiation conditions.
Then, to verify whether or not the EM sensor can be damaged during laser activation, a final irradiation test was performed using the prototype of sensorized guidewire laser fiber. The sensorized guidewire, connected to the Aurora NDI System Control Unit, was opportunely placed on the 3 axis micropositioner positioning its tip at the desired distance from the stent graft fabric. Irradiation parameters, as well as the distance between the guidewire tip and the graft, were defined by selecting among all the successful tested conditions the worst case in terms of generated heating. The static position of the guidewire was measured before and after laser activation to evaluate if the heating generated by the laser damages the EM sensor (i.e. by deforming the coil) and thus compromises the sensor measurements. 100 samples were collected and the mean position (distance from the aurora emitter), standard deviation and span (maximum distanceminimum distance) were calculated for each experiment and compared with each other. At the end of the experiment the fabric sample was washed with physiologic solution and observed under optical microscope.
RESULTS
The results of the fenestration tests are summarized in Table 1 .
Setting the laser irradiation time at 0.9 s, we obtained an effective fenestration using a power of 3 W and 4 W (trials 2 and 3). However, during these trials we noticed the formation of emboli/clots, so this settings may represent a dangerous condition for the patient in the clinical scenario.
Among the tested conditions, 0.5 s and 3 W are the minimum irradiation time/laser power combinations to perforate the fabric when the laser tip is in contact with the graft material.
No fenestrations were obtained in trials with the laser tip at a distance of 3 mm from the fabric (trial numbers 16-19), indicating that the tested irradiation time/laser powers are not enough to perforate the prosthesis at such a distance. Figure 5 shows representative examples ofa successful and an unsuccessfull fenestration. With the same setup, using the sensorized fiber, some further test has been conducted to verify whether the EM sensor could be damaged by the heating generated by the laser. We used irradiation conditions of trial number 7, which guaranteed for effective fabric perforation.
These tests showed that the EM sensor is not damaged during the laser activation and that the position can be tracked with the same accuracy both when the laser is turned on and off.
CONCLUSIONS
To conclude, this paper presents the main technical concepts for designing an electromagnetic guided in-situ laser fenestration of endovascular stent-graft, which may represent an interesting surgical option for the minimally invasive treatment of aneurysms with unfavorable anatomy.
This procedure can potentially make EVAR available to a greater number of patients, also those requiring emergency surgery, and lead to faster and cheaper intervention procedures.
Preliminary in vitro results show that a successful fenestration can be achieved without comprising the EM coils used for the endovascular tool tracking showing also the irradiation conditions required to properly obtain the graft fenestration.
Further extensive studies are needed to identify the best laser irradiation conditions, including human aorta samples in the experimental set-up to verify that laser light can selectively perforate the graft material without damaging the biological tissue.
